Humans excel at selectively listening to a target speaker in background noise such as competing 12 voices. While the encoding of speech in the auditory cortex is modulated by selective attention, it 13 remains debated whether such modulation occurs already in subcortical auditory structures. 14 Investigating the contribution of the human brainstem to attention has, in particular, been 15 hindered by the tiny amplitude of the brainstem response. Its measurement normally requires a 16 large number of repetitions of the same short sound stimuli, which may lead to a loss of 17 attention and to neural adaptation. Here we develop a mathematical method to measure the 18 auditory brainstem response to running speech, an acoustic stimulus that does not repeat and 19 that has a high ecological validity. We employ this method to assess the brainstem's activity 20 when a subject listens to one of two competing speakers, and show that the brainstem response 21 is consistently modulated by attention. 22
attempts to determine an attentional modulation from recording the auditory brainstem response 31 through scalp electrodes have, however, yielded highly inconclusive results. 32
In particular, one investigation found that selective attention alters the brainstem's response to 33 the fundamental frequency of a speech signal (Galbraith et al. 1998) , while another study concluded 34 that this response is modulated in an unsystematic but subject-specific manner (Lehmann & 35 Schönwiesner 2014) and a third recent experiment did not find a significant attentional effect 36 (Varghese et al. 2015) . Results on the effects of attention on the auditory-brainstem response to short 37 clicks or pure tones are similarly inconclusive (Brix 1984; Gregory et al. 1989; Hoormann et al. 2000; 38 Galbraith et al. 2003 ). These inconsistencies may result from a main experimental limitation in these 39 studies: because the brainstem response is tiny, its measurement requires hundred-to thousandfold 40 repetition of the same sound. The large number of repetitions may lead to difficulties for subjects in 41 sustaining selective attention, to adaptation in the nervous system, and to a reduction in efferent 42 feedback (Lasky 1997; Neupane et al. 2014) . 43
To overcome this limitation, we develop here a method to measure the auditory brainstem's 44 response to natural running speech that does not repeat. We then use this method to assess the 45 modulation of the auditory brainstem response to one of two competing speakers by selective 46 attention. 47
Results

48
Assessing the brainstem's response to continuous non-repetitive speech does not allow to average over 49 many repeated presentations of the same sound. Instead, we sought to quantify the brainstem's 50 response to the fundamental frequency of speech. Neuronal activity in the brainstem, and in particular 51 in the inferior colliculus, can indeed phase lock to the periodicity of voiced speech (Skoe & Kraus 52 2010) . The fundamental frequency of running speech varies over time, however, compounding a 53 direct read-out of the evoked brainstem response. 54
To overcome this difficulty, we employed empirical mode decomposition (EMD) of the 55 speech stimuli to identify an empirical mode that, at each time instance, oscillates at the fundamental 56 frequency of the speech signal (Huang & Pan 2006 ) (Methods). This mode is a nonlinear and 57 nonstationary oscillation with a temporally-varying amplitude and frequency that we refer to as the 58 'fundamental waveform' of the speech stimulus ( Figure 1a ). 59
We then recorded the brainstem response to running non-repetitive speech stimuli of several 60 minutes in duration from human volunteers through scalp electrodes. We cross-correlated the obtained 61 recording with the fundamental waveform of the speech signal ( Figure 1b ). Because the brainstem 62 response may occur at a phase that is different from that of the fundamental waveform, we also 63 correlated the neural signal to the Hilbert transform of the fundamental waveform that has a phase 64 delay of 90˚. The two correlations can be viewed as the real and imaginary part of a complex 65 correlation function that can trace the brainstem response at any phase delay. The amplitude of the 66 complex correlation informs then on the strength of the brainstem response. 67
We found that the amplitude of the complex correlation peaked at a mean latency of 9.3 ± 0.7 68 ms, and our statistical analysis showed that this peak was significantly different from the noise in 69 fourteen out of sixteen subjects (p < 0.05, Methods). The average value of the correlation at the peak 70 was 0.015 ± 0.003. Moreover, the latency agrees with that found previously regarding the brainstem's 71 response to short repeated speech stimuli (Skoe & Kraus 2010) . We checked that the response does 72 not contain a stimulus artifact or a contribution from the cochlear microphonic, and that the latency of 73 the response is not affected by the processing of the speech signal or of the neural response (Methods; 74 can be reliably extracted through the developed method, and the response can be characterized 76 through the latency and amplitude of the correlation's peak. 77
Armed with the ability to quantify the brainstem's response to running non-repetitive speech, 78 we sought to investigate if this neural activity is affected by selective attention. Employing a well-79 established paradigm of attention to one of two speakers (Ding & Simon 2012), we presented 80 volunteers diotically with two concurrent speech streams of equal intensity, one by a male and another 81 by a female voice. For parts of the speech presentation subjects attended the male voice and ignored 82 the female voice, and vice versa for the remaining parts. 83
We quantified the brainstem's response to both the male and the female voice by extracting 84 the fundamental waveforms of both speech signals and correlating the neural recording separately to 85 both. We found that the latency of the response was unaffected by attention: the response to the 86 unattended speaker occurred 0.8 ± 0.5 ms later than that to the attended speaker, which was not 87 statistically significant (p = 0.2; average over the responses to the male and the female voice as well 88 as all subjects). 89
In contrast, all subjects showed a larger response of the auditory brainstem to the male voice 90 when attending rather than ignoring it (Figure 2a) . The difference in the responses was statistically 91 significant in nine of the fourteen subjects (p < 0.05). The brainstem's response to the attended female 92 speaker similarly exceeded that to the unattended female voice in all but one subject, with eight 93
subjects showing a statistically-significant difference (p < 0.05; Figure 2b ). The ratio of the 94 brainstem's response to attended and to ignored speech, averaged over all subjects, was 1.5 ± 0.1 and 95
1.6 ± 0.2 for the male and for the female speaker, respectively. Both ratios were significantly different 96 from unity (p < 0.001, male voice; p < 0.01, female voice). The male and the female voice elicited a 97 comparable attentional modulation: the difference between the corresponding ratios was insignificant 98 (p = 0.7). The magnitude of the brainstem's response was hence significantly enhanced through 99 attention, and consistently so across subjects and speakers. 100
Discussion
101
Our results show that the human auditory brainstem response to continuous speech is larger when 102 attending than when ignoring a speech signal, and consistently so across different subjects and 103 speakers. In particular, the strength of the phase locking of the neural activity to the pitch structure of 104 speech is larger for an attended than for an unattended speech stream. In contrast, we did not observe 105 a difference in the latency of this activity. 106
The fundamental waveform of speech that we have obtained from EMD has a temporally 107 varying frequency and amplitude and is therefore not a simple component of Fourier analysis. While 108 it may be obtained from short-time Fourier transform or wavelet analysis, both methods suffer from 109 an inherently limited time-frequency resolution that makes them inferior to the EMD analysis (Huang 110 & Pan 2006) . 111
Because we have employed a diotic stimulus presentation in which the same acoustical 112 stimulus was presented to each ear, the attentional modulation cannot result from a general 113 modulation of the brainstem's activity to acoustic stimuli between the two hemispheres. Moreover, 114
although the fundamental frequencies of the two competing speakers differ at most time points, their 115 spectra largely overlap. The attentional modulation can therefore not result from a broad-band 116 modulation of the neural activity either. Instead, the attentional effect must result from a modulation 117 of the brainstem's response to the specific pitch structure of a speech stimulus. 118
The brainstem response to the pitch of continuous speech that we have measured can reflect a 119 response both to the fundamental frequency of speech as well as to higher harmonics. Indeed, 120 previous studies have found that the brainstem responds at the fundamental frequency of a speech 121 stimulus even when that frequency itself is removed from the acoustic signal The response at the fundamental frequency of speech can result from multiple sites in the 133 brainstem (Chandrasekaran & Kraus 2010). However, we observed a single peak with a width of a 134 few ms in the correlation of the neural signal to the fundamental waveform of speech. The brainstem 135 response to running speech that we have measured here can therefore only reflect neural sources 136 whose latencies vary by a few ms or less from the peak latency. . The neural delay of about 9 ms as 137 well as the similarity of the speech-evoked brainstem response to the frequency-following response 138
suggest that the main neural source may be in the inferior colliculus (Sohmer et al. 1977) . The 139 attentional effect that we have observed may then result from the multiple feedback loops between the 140 inferior colliculus, the medial geniculate body and the auditory cortex (Huffman & Henson 1990) . 141
Our study provides the mathematical tools to analyse the brainstem response to complex, real 142 world stimuli such as speech. Since our method does not require artificial and repeated stimuli, it 143 fosters sustained attention and avoids potential neural adaptation. This method can therefore pave the 144 way to further explore how the brainstem contributes to the processing of complex real-world acoustic 145 environments. It may also be relevant for better understanding and diagnosing the recently discovered 146 cochlear neuropathy or 'hidden hearing loss' (Kujawa & Liberman 2009 
Committee. 158
Auditory brainstem recordings to running speech. Samples of continuous speech from a male and 159 a female speaker were obtained from publicly available audiobooks (https://librivox.org). All samples 160 had a duration of at least two minutes and ten seconds; some were slightly longer to end upon 161 completion of a sentence. To construct speech samples with two competing speakers, samples from 162 the male and from the female speaker were normalized to the same root-mean-square amplitude and 163 then superimposed. 164
Participants were placed in a comfortable chair in an acoustically and electrically insulated 165 room (IAC Acoustics, U.K.). A personal computer outside the room controlled audio presentation and 166 data acquisition. Speech stimuli were presented at a sampling frequency of 44.1 kHz through a high- Denmark). All subjects reported that the stimulus level was comfortable. 171
The response from the auditory brainstem was measured through five passive Ag/AgCl 172 electrodes (Multitrode, BrainProducts, Germany). Two electrodes were positioned at the cranial 173 vertex (Cz), two further electrodes were placed on the left and right mastoid processes, and the 174 remaining electrode was positioned on the forehead to measure the ground. The impedance between 175 each electrode and the skin was reduced to below 5 kΩ using abrasive electrolyte-gel (Abralyt HiCl, 176
Easycap, Germany). The electrode on the left mastoid, at the cranial vertex and the ground electrode 177 were connected to a bipolar amplifier with low-level noise and a gain of 50 (EP-PreAmp, 178
BrainProducts, Germany). The remaining two electrodes were connected to a second identical bipolar 179 amplifier. The output from both bipolar amplifiers was fed into an integrated amplifier (actiCHamp, 180
BrainProducts, Germany) where it was low-pass filtered through a hardware anti-aliasing filter with a 181 corner frequency of 4.9 kHz and sampled at 25 kHz. The audio signals were measured by the 182 integrated amplifier as well through an acoustic adapter (Acoustical Stimulator Adapter and StimTrak, 183
BrainProducts, Germany). The electrophysiological data were acquired through PyCorder 184 (BrainProducts, Germany). The simultaneous measurement of the audio signal and the brainstem 185 response from the integrated amplifier was employed to temporally align both signals to a precision of 186 less than 40 µs, the inverse of the sampling rate (25 kHz). First, each speech signal was downsampled to 8,820 Hz, low-pass filtered at 1,500 Hz (FIR, 201 transition band 1,500 -1,650 Hz, stopband attenuation -80 dB, passband ripple 1 dB, order 296) and 202 time-shifted to compensate for the filter delay. Silent parts between words were identified by 203 computing the envelope of the speech signal. Each part where the envelope was less than 10% of the 204 maximal value found in the speech was considered silent, and the speech signal there was set to zero. 205
Second, the instantaneous fundamental frequency of the voiced parts of the speech signal was 206 detected through the autocorrelation method, employing rectangular windows of 50 ms duration with 207 a successive overlap of 49 ms. Speech segments that yielded a fundamental frequency outside the 208 range of 60 Hz to 400 Hz, or in which the fundamental frequency varied by more than 10 Hz between 209 two successive windows were considered voiceless. The speech segments that corresponded to voiced 210 speech, as well as their fundamental frequency, were thus obtained. The fundamental frequency of 211 each segment was interpolated through a cubic spline, and varied between 100 and 300 Hz in each 212 segment. Note that this method yields the fundamental frequency but not by itself the fundamental 213 determined, which yields, in particular, the mode's instantaneous frequency. This analysis was 222 performed for each short segment of voiced speech, that is, for each part of voiced speech that was 223 preceded and followed by a pause or voiceless speech. 224
Fourth, the fundamental frequency of each short speech segment was compared to the 225 instantaneous frequencies of the segment's IMFs at each individual time point. All IMFs with an 226 instantaneous frequency that differed by less than 20% from the segment's fundamental frequency 227
were determined, and the IMF with the largest amplitude was therefrom selected as the fundamental 228 wavemode of that segment and at that time point (Huang & Pan 2006 ). If no IMF had an 229 instantaneous frequency within 20% of the fundamental frequency, or if a speech segment was 230 unvoiced, that time point was assigned a fundamental waveform of zero. The fundamental waveforms 231 obtained at the different time points were combined through cosine crossfading functions with a 232 window width of 10 ms to obtain the fundamental waveform of the speech signal. The Hilbert 233 transform of that fundamental waveform was computed as well. 234
To control for latency changes in the acoustic signal induced by the subsequent processing 235 steps, and in particular by the involved frequency filtering, the cross-correlation between the original 236 speech signal and the fundamental waveform as well as with its Hilbert transform was computed 237 (Figure 1-figure supplement 1a) . The cross-correlations show that the fundamental waveform has no 238 latency change and no phase difference with respect to the original speech stimulus. pass filter eliminated neural signals from the cerebral cortex that occur predominantly below 100 Hz. 249
To avoid transient activity at the beginning of each speech sample, the first ten seconds of each 250 brainstem recording in response to a speech sample were discarded. The following two minutes of 251 data were divided into 40 epochs of a duration of 3 s each, and the remaining data were discarded, if 252
any. 253
The processing of the neural signal did not induce a latency. This was confirmed by 254 computing the cross-correlation between the processed neural response and the original signal, 255 demonstrating a maximum correlation at zero temporal delay (Figure 1-figure supplement 1b) . 256
As set out above, the first part of the experiment measured the brainstem response to running 257 speech without background noise. For each subject and each epoch, the cross-correlation of the 258 brainstem response with the corresponding segment of the fundamental waveform as well as with its 259
Hilbert transform were computed. A delay of 1 ms of the acoustic signal produced by the earphones 260 was taken into account. The two cross-correlation functions were interpreted as the real and the 261 imaginary part of a complex correlation function. For each individual subject, the average of the 262 complex cross-correlation over all epochs was then computed, and the latency at which the amplitude 263 peaked was determined. 264
The obtained latencies of about 9 ms affirmed that the signal resulted from the auditory 265 brainstem and not from the cerebral cortex, whose latencies exceed 20 ms. The latency also evidenced 266 that the signal resulted neither from stimulus artifacts nor from the cochlear microphonic, which 267 would occur at or near zero delay (Skoe & Kraus 2010) . As an additional control, the brainstem 268 response was recorded when the earphones were near the ear, but not inserted into the ear canal, so 269 the subject could not hear the speech signals. The recording did then not yield a measurable brainstem 270 response (Figure 1-figure supplement 1c) . Two presentations of the same speech stimulus, but with 271 opposite polarities, were employed as well, and the neural response to both presentations was 272 averaged before computing the correlation to the fundamental waveform. The correlation was 273 identical to that obtained by a single stimulus presentation, demonstrating the absence of a stimulus 274 artifact and of the cochlear microphonic (Figure 1-figure supplement 1d) . 275
To determine whether the peak in the cross-correlation obtained from a given subject was 276 significant, the values of the complex cross-correlation from the individual epochs, and at the peak 277 latency, were analysed. Because each correlation value is an average of many measurements, it 278 follows from the Central Limit Theorem that the complex correlations from the different epochs 279 exhibit a two-dimensional normal distribution with a mean of zero if the measurements are randomly 280 distributed. A one-sample Hotelling's T-squared test was therefore used to assess the significance of 281 the complex correlation at the peak latency. Two subjects who did not show a significant correlation 282 (p > 0.05) were not included in the further analysis. 283
The population mean and standard error of the mean of the latency were computed from the 284 latencies of the individual subjects. 285
The brainstem responses to competing speakers were then analysed for each individual 286 subject. For each epoch, the complex cross-correlation between the brainstem response and the 287 fundamental waveform was computed, both for the fundamental waveform of the attended and for 288 that of the unattended speaker. The corresponding complex correlation functions were averaged 289 across epochs, and the amplitudes as well as latencies of the peaks were determined. 290
Statistical significance of the difference in latency of the brainstem responses to the attended 291 and the unattended speaker, obtained from the eight samples, was tested by computing population 292 mean as well as standard error of the mean for the differences in latencies obtained from individual 293 subjects. A two-tailed Student's t-test was employed to test if the difference was significantly different 294 from zero. 295
To control for differences in the voice of the male and the female speaker, differences in 296 amplitude of the brainstem response to the attended and ignored male speaker were determined 297 separately from differences in the amplitude of the brainstem response to the attended and ignored 298 female speaker. The amplitudes of the complex cross-correlations, at the peak latencies, were 299 computed for all epochs. A two-sample Student's t-test was then employed to test for a significant 300 difference between the amplitude in response to the attended and the ignored speaker. 301
The amplitude of the brainstem response to speech can vary widely between subjects (Figure 2) , due 302 to variations such as in anatomy and scalp conductivity. The ratios of the amplitudes of the brainstem 303 responses to attended and ignored speech, rather than the differences, were thus computed for each 304 individual. The population mean and standard error of the mean were therefrom obtained. A one-305 tailed Student's t-test assessed whether the population average of the ratio was significantly larger 306 than unity. A two-tailed two-sample Student's t-test was employed to assess whether the ratios 307 obtained from the responses to the male and to the female speaker were significantly different. contains neither a stimulus artifact nor the cochlear microphonic (Figure 1-figure supplement 1) . 417 processing of the neural signal such as through filtering. However, the cross-correlation between the 428 recorded neural signal and the filtered version shows a peak at vanishing latency. The processing of 429 the neural signal did therefore not alter the latency. (c) When the earphones are placed close to the 430 ears, but not inside the ear canal, preventing a subject from hearing the speech signal, the cross-431 correlation between the recorded neural signal and the fundamental waveform of speech (red) as well 432
as its Hilbert transform (blue) do not yield a measurable peak. The amplitude of the resulting complex 433 correlation function (black) does not peak either, demonstrating the absence of a stimulus artifact. 
Correlation coefficient
When a subject listened to a speech signal and then to the same signal with reversed polarity, and 435 when the average over the neural recordings to both stimulus presentations was employed for the 436 analysis, the complex cross-correlation showed the same structure as when it was computed using the 437 neural response to one stimulus only. This shows the absence of a stimulus artifact as well as the 438 absence of the cochlear microphonic in the measured response. To enable comparison, all recordings 439
were obtained from the same subject for whom we report the exemplary recording in Figure 1 (c) . With the exception of subject 13, the neural response to the female voice is also larger when subjects 449 attend to it (dark red) instead of ignoring it (light red). The average ratio of the brainstem responses to 450 the attended and to the ignored female speaker is significantly larger than 1 as well (black, mean and 451 standard error of the mean). 
